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Imprinted genes are expressed from only one allele in a parent-of-origin-specific manner. We here describe a systematic approach to identify
novel imprinted genes using quantification of allele-specific expression by Pyrosequencing, a highly accurate method to detect allele-specific
expression differences. Sixty-eight candidate imprinted transcripts mapping to known imprinted chromosomal regions were selected from a recent
expression profiling study of uniparental mouse embryos and analyzed. Three novel imprinted transcripts encoding putative non-protein-coding
RNAs were identified on the basis of parent-of-origin-specific monoallelic expression in E11.5 (C57BL/6 × Cast/Ei)F1 and informative (C57BL/
6 × Cast/Ei) × C57BL/6 backcross embryos. In addition, four transcripts with preferential expression of a strain-specific allele were found.
Intriguingly, a vast majority of the analyzed transcripts showed no imprinting-associated expression in F1 embryos. These data strengthen the view
that a large fraction of nonimprinted genes is differentially expressed between parthenogenetic and androgenetic embryos and question the
efficiency of expression profiling of uniparental embryos to identify novel imprinted genes.
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genes that results in the predominant expression of one of the
two parental alleles according to their parental origin. It is stably
inherited during somatic cell division but is reversed when
transmitted through the germ line of the opposite sex [1].
Parent-specific epigenetic marks—the so-called “imprints”—
are established through DNA and chromatin modifications in
the female and male germ lines and/or shortly after fertilization
[2]. Inappropriate expression of imprinted genes can result in
cancer and developmental failures and may contribute to the
increased rate of malformations after assisted reproductive
technology and mammalian embryo cloning [3]. To date, more
than 70 imprinted genes have been catalogued in the mouse
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doi:10.1016/j.ygeno.2005.12.007logues of many of these imprinted mouse genes have also been
found to be imprinted in humans [4]. Most imprinted genes are
found in clusters in specific chromosomal domains [1]. This
clustered organization is consistent with shared regulatory
elements for multiple genes. Current evidence suggests that
genomic imprinting evolved in a common ancestor of
viviparous mammals (marsupials and eutherians) after diver-
gence from the oldest mammalian clade, the egg-laying
monotremes. Thus, it is hypothesized that the unusual
reproductive strategy of viviparous mammals, i.e., intrauterine
gestation and placental nutrient transfer, played a major role in
the evolution of genomic imprinting [3].
Many systematic screens for imprinted genes rely on
differential expression of the maternal and paternal alleles.
Various methods like subtractive hybridization, differential
mRNA display, or cDNA microarray screening have been
performed on cDNAs from parthenogenetic and androgenetic
510 N. Ruf et al. / Genomics 87 (2006) 509–519embryos or embryonic fibroblast cell lines as well as UPD mice
[5–10]. In a recent study, 2101 novel candidate imprinted
transcripts in the mouse genome were identified systematically
from 27,663 full-length mouse cDNA clones by cDNA
microarray expression profiling of E9.5 parthenogenetic and
androgenetic mouse embryos [11]. These 2101 transcripts
presumably consist of 1403 maternally imprinted and 698
paternally imprinted transcripts. The validity of this approach is
supported by the identification of 11 of 13 known imprinted
transcripts contained in the microarray clone set. Very recently,
an integrated database, EICO (Expression-based Imprint
Candidate Organizer), containing an annotated list of these
novel candidate imprinted genes, information on validated
single nucleotide polymorphisms (SNPs), and the predicted
physical position of imprinting-related disease loci in the mouse
and human genomes, was made available [12] (http://fantom2.
gsc.riken.jp/EICODB/). This database lists 68 candidate
imprinted genes (highlighted by orange bars), which are located
in known imprinted regions of the mouse genome.
The rapidly increasing number of SNPs in mapped
transcribed sequences considerably facilitates assays to deter-
mine the parental origin of a transcribed allele both in
interspecific hybrids between different mouse strains and in
humans. The Pyrosequencing technology is well suited to the
detection of SNPs in a quantitative manner. Pyrosequencing is a
nonelectrophoretic DNA sequencing method based on enzy-
matically catalyzed luminometric real-time detection of pyro-
phosphate during nucleotide incorporation. Sequences are
evaluated in real time by specific software and are displayed
by a pyrogram. Based on the allele-specific signals in the
pyrogram we introduced a new application called “quantifica-
tion of allele-specific expression by Pyrosequencing” (QUA-
SEP) [13]. This method is able to determine relative transcript
levels by analyzing heterozygous SNPs in transcripts from
interspecific hybrid embryos or adult tissues.
In the present study, we describe a QUASEP-based
systematic imprinting analysis of the 68 candidate imprinted
transcripts listed in the EICO database that reside in or adjacent
to known imprinted regions. We have identified three novel
imprinted genes encoding putative non-protein-coding RNAs
that may play important roles in imprinting regulation and
imprinting-related human disease phenotypes.
Results and discussion
Candidate genes
Most of the imprinted genes that have been described to date
are clustered in discrete chromosomal regions that have been
defined mainly by the analysis of embryos with uniparental
disomy or uniparental duplication of whole chromosomes or
specific chromosomal regions [1,14]. Therefore, we assumed
that the localization of an EICO gene in one of these regions is a
good predictor of an actually imprinted gene. Candidate
imprinted genes that map to known mouse imprinted regions
were searched in the CITE (Candidate Imprinted Transcripts by
Expression) system of the EICO database. We identified 68candidate genes that are highlighted in the CITE system by an
orange color code. Three of these genes represent the known
imprinted genes Zim1, Ube3A, and PX00010K13, a non-
protein-coding RNA mapping to the Prader–Willi syndrome
locus (GenBank Accession No. AK014392) [11]. To determine
the genomic organization of the remaining 65 candidate genes,
the corresponding cDNA sequences were subjected to BLAT
searches against the mouse genomic sequence (http://genome.
ucsc.edu/cgi-bin/hgBlat?command=start). Because the candi-
date gene AK034097 was found to belong to the transcriptional
unit of another candidate gene, AK038900, and therefore
excluded from further analysis, we continued our study with a
total of 64 candidate imprinted genes. As positive controls for
monoallelic paternal, monoallelic maternal, and tissue-specific
imprinted gene expression, we used the known mouse imprinted
genes Zim1, PX00010K13, and Slc38a4 (Ata3), respectively.
Identification of SNPs within the transcription units
The simplest method to distinguish between mRNA
originating from each copy of a pair of autosomal genes is
to use a heterozygous polymorphism within the mRNA
sequence as a copy-specific tag. A suitable polymorphism
for QUASEP should not be part of a homopolymer to facilitate
exact quantification of the parental alleles. For SNP discovery
in their transcribed sequences, all 64 candidate imprinted
genes and the 3 control genes were subjected to direct
genomic sequencing of DNA samples derived from C57BL/6,
Mus musculus castaneus (Cast/Ei), and interspecific hybrid
(C57BL/6 × Cast/Ei)F1 mice. Suitable SNPs were identified in
60 candidate imprinted genes (Supplementary Table 1) and in
the control genes. The eligibility of each SNP as well as the
surrounding sequence was assessed using the Pyrosequencing
Assay Design Software.
QUASEP verification of imprinted expression
The imprinted expression of the 60 candidate imprinted
genes with suitable SNPs in their transcription units was
evaluated by QUASEP of RT-PCR products derived from
(C57BL/6 × Cast/Ei)F1, C57BL/6, and Cast/Ei E11.5 whole
embryos. If more than one cSNP per gene was identified, the
polymorphism with the highest quality score defined by the
Pyrosequencing Assay Design Software was used. All QUA-
SEP experiments were repeated at least four times to calculate
arithmetic mean and standard deviation. Due to background
signals, the peak heights and the resulting allele quantification
are falsified and must be normalized. The results from the
homozygous C57BL/6 and Cast/Ei samples were used to draw
calibration curves (Fig. 1A). These curves, represented by the
plots of the expected versus the measured relative amounts of a
certain allele, were created for each QUASEP assay by linear
regression analysis. The real allele ratio in F1 hybrid and
backcross mice was obtained by interpolating the measured
ratios by means of the calibration curve. The known imprinted
genes Zim1 (maternally expressed) and PX00010K13 (pater-
nally expressed) served as control genes and showed the
Fig. 1. Proof of principle. Calibration curve and QUASEP analysis of three known imprinted genes. (A) The calibration curve is represented by the plot of the expected
versus the measured relative amount of the C allele (C57BL/6). The real allele ratios of the F1 hybrid and the reciprocal backcross mice were obtained by interpolating
the measured ratios using the calibration curve. (B) The known imprinted genes Zim1 (maternally expressed) and PX00010K13 (paternally expressed) showed the
expected monoallelic and parent-of-origin-specific expression pattern in (C57BL/6 × Cast/Ei)F1 and informative (C57BL/6 × Cast/Ei) × C57BL/6 individuals. For
both transcripts, Pyrosequencing pyrograms of cDNA derived from C57BL/6, Cast/Ei, (C57BL/6 × Cast/Ei)F1, and informative (C57BL/6 × Cast/Ei) × C57BL/6
individuals are shown. (C) Parent-of-origin-specific expression analysis of a gene with tissue-specific imprinting, Slc38a4 (Ata3), in several tissues confirmed the
known literature data. Pyrosequencing pyrograms of cDNA derived from C57BL/6, Cast/Ei, and several adult tissues of (C57BL/6 × Cast/Ei)F1 hybrid mice are
shown. The cSNPs used to discriminate the parental origin of the cDNA alleles are given below each pyrogram. On the left of each pyrogram, the percentage
expression of the two cDNA alleles is indicated. B6, C57BL/6; Cast, Cast/Ei; fem, female; mal, male; SD, standard deviation.
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(Fig. 1B) [11,15]. In addition, the parent-of-origin-specific
expression of a gene with tissue-specific imprinting, Slc38a4
(Ata3), was examined in several adult tissues of F1 hybrid mice
and compared with the published results [9,16]. Our results are
concurrent for the examined tissues with biallelic expression in
adult liver and testis and monoallelic expression in skeletal
muscle, heart, spleen, and kidney (Fig. 1C).
In a first screen, eight potentially imprinted transcripts, i.e.,
four transcripts exhibiting monoallelic and four transcripts
exhibiting preferential expression of the parental allele that was
already predicted by the microarray experiment, could be
identified (Supplementary Table 2).
To confirm imprinted expression, QUASEP analysis of
informative embryos derived from reciprocal (C57BL/6 × Cast/
Ei) × C57BL/6 crosses was performed. In these experiments the
four transcripts that showed monoallelic expression in the first
screen again exhibited monoallelic expression of the predicted
parental allele and were confirmed to be imprinted (Fig. 2).
Further confirmation of imprinted expression was obtained byFig. 2. Identification of four candidate imprinted transcripts with monoallelic an
informative (C57BL/6 × Cast/Ei) × C57BL/6 individuals: AK043056 (paternally ex
and AK039514 (paternally expressed). For each transcript, Pyrosequencing pyrog
informative (C57BL/6 × Cast/Ei) × C57BL/6 individuals are shown. The cSNPs use
pyrogram. On the left of each pyrogram, the percentage expression of the two cDNanalysis of the SNPs in the corresponding RT-PCR products
using conventional sequence analysis (data not shown). Of
these four novel imprinted transcripts, the transcripts
AK043056 and AK039482 showed paternal-allele expression
and mapped to the imprinted regions on proximal and distal
mouse chromosome 7, respectively. The transcript AK018142,
mapping to distal mouse chromosome 12, was maternally
expressed. The transcript AK039514, mapping to proximal
mouse chromosome 17, showed paternal-allele expression as
well (Fig. 2). All four transcripts encode novel putative non-
protein-coding RNAs.
For the four transcripts that showed preferential expression
of one allele in the first screen, preferential expression turned
out to be strain-specific in embryos from reciprocal crosses.
These transcripts, AK038367, AK043873, AK035722, and
AK014850, exhibited an expression level greater than 65% of
either the C57BL/6 or the Cast/Ei allele in embryos from
(C57BL/6 × Cast/Ei)F1 crosses and informative embryos from
reciprocal (C57BL/6 × Cast/Ei) × C57BL/6 crosses, irrespective
of parental origin (Fig. 3). To exclude the fact that the observedd parent-of-origin-specific expression pattern in (C57BL/6 × Cast/Ei)F1 and
pressed), AK039482 (paternally expressed), AK018142 (maternally expressed),
rams of cDNA derived from C57BL/6, Cast/Ei, (C57BL/6 × Cast/Ei)F1, and
d to discriminate the parental origin of the cDNA alleles are given below each
A alleles is indicated. B6, C57BL/6; Cast, Cast/Ei; fem, female; mal, male.
Fig. 3. Identification of four candidate imprinted transcripts with strain-dependent allele-specific transcript bias. For each transcript, Pyrosequencing pyrograms of
cDNA derived from C57BL/6, Cast/Ei, (C57BL/6 × Cast/Ei)F1, and informative (C57BL/6 × Cast/Ei) × C57BL/6 individuals are shown. For three transcripts,
Pyrosequencing pyrograms of genomic DNA from informative (C57BL/6 × Cast/Ei) × C57BL/6 individuals are displayed to illustrate the absence of a PCR bias
toward one of the two alleles. The cSNPs used to discriminate the parental origin of the cDNA alleles are given below each pyrogram. On the left of each pyrogram, the
percentage expression of the two cDNA alleles is indicated. The transcripts AK038367, AK043873, and AK014850 showed preferential expression of the Cast/Ei
allele in (C57BL/6 × Cast/Ei)F1 and informative (C57BL/6 × Cast/Ei) × C57BL/6 individuals, whereas the transcript AK035722 exhibited preferential expression of
the C57BL/6 allele. B6, C57BL/6; Cast, Cast/Ei; fem, female; mal, male.
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bias, the QUASEP assays for AK038367, AK043873, and
AK035722 were performed with PCR products from genomic
DNA of (C57BL/6 × Cast/Ei) × C57BL/6 mice, resulting in
equal ratios of the strain-specific alleles (Fig. 3). Since the
oversized length of the genomic PCR product precluded
application of the same QUASEP assay for AK014850, the
preferential strain-specific expression of this transcript was
confirmed by a second and independent QUASEP assay (data
not shown). The four transcripts map to the imprinted regions
on distal mouse chromosome 2 (AK038367), distal mouse
chromosome 4 (AK043873 and AK035722), and central mouse
chromosome 14 (AK014850).
Of the remaining 52 candidate imprinted genes, 47 showed
well-balanced biallelic expression and 5 did not display
expression in E11.5 embryos, thus precluding QUASEP
analysis (Supplementary Table 2).
Maintenance and tissue specificity of imprinted expression
Further QUASEP assays were performed to verify if the
imprinted expression of the four identified imprinted transcriptsis maintained in adult tissues. RT-PCR products derived from
brain, heart, kidney, liver, lung, skeletal muscle, and spleen
tissue of F1 hybrid mice were used. The transcript AK039482
from distal mouse chromosome 7 showed relaxation of
imprinting but preferential expression of the paternal allele in
the analyzed adult tissues (Table 1). The other three identified
transcripts exhibited strict monoallelic expression and complete
maintenance of imprinting in adult tissues. The results were
confirmed by analysis of adult tissues derived from informative
(C57BL/6 × Cast/Ei) × C57BL/6 reciprocal backcross mice
(data not shown).
Genomic organization of the identified imprinted transcripts
In a next step, the genomic organization of the four
imprinted transcripts identified in our systematic QUASEP
analysis was determined. All candidate imprinted genes
identified by the microarray experiment are derived from the
FANTOM2 mouse transcript set and assumed to represent
mouse full-length cDNA clones [11]. BLAT searches with the
sequences of the four imprinted genes identified them as single-
exon genes.
Table 1
Imprinted expression in different adult tissues of F1 hybrid mice
GenBank Accession No. Expressed tissue Allelic expression ratio
(C57BL/6:Cast/Ei)
AK043056 Brain Monoallelic paternal
(0%:100%; SD 1.0)
Skeletal
muscle
Monoallelic paternal
(0%:100%; SD 1.7)
Spleen Monoallelic paternal
(0%:100%; SD 0.6)
AK039482 Brain Preferential paternal
(19%:81%; SD 1.5)
Heart Preferential paternal
(26%:74%; SD 4.7)
Kidney Preferential paternal
(30%:70%; SD 3.4)
Liver Preferential paternal
(20%:80%; SD 4.0)
Lung Preferential paternal
(37%:63%; SD 4.2)
Skeletal
muscle
Preferential paternal
(23%:77%; SD 1.0)
Spleen Preferential paternal
(29%:71%; SD 2.5)
Testis Biallelic
(53%:47%; SD 1.5)
Placenta Preferential paternal
(21%:79%; SD 2.8)
AK018142 Brain Monoallelic maternal
(100%:0%; SD 0.6)
Heart Monoallelic maternal
(100%:0%; SD 8.3)
Kidney Monoallelic maternal
(100%:0%; SD 0.2)
Liver Monoallelic maternal
(100%:0%; SD 6.8)
Lung Monoallelic maternal
(100%:0%; SD 6.1)
Skeletal
muscle
Monoallelic maternal
(100%:0%; SD 1.6)
Spleen Monoallelic maternal
(100%:0%; SD 0.4)
Placenta Monoallelic maternal
(100%:0%; SD 0.2))
AK039512 Brain Monoallelic paternal
(12%:88%; SD 2.8)
Heart Monoallelic paternal
(10%:90%; SD 1.3)
Kidney Monoallelic paternal
(10%:90%; SD 2.4)
Liver Monoallelic paternal
(9%:91%; SD 4.9)
Lung Monoallelic paternal
(5%:95%; SD 1.5)
Skeletal
muscle
Monoallelic paternal
(10%:90%; SD 3.6)
Spleen Monoallelic paternal
(1%:99%; SD 2.7)
Testis Monoallelic paternal
(14%:86%; SD 1.4)
Placenta Monoallelic paternal
(16%:84%; SD 1.5)
SD, standard deviation.
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imprinted domain on proximal mouse chromosome 7 (Fig. 4A).
Up to now, six imprinted genes have been identified in this
domain. These include the paternally expressed genes Peg3
[17], Usp29 [18], and Zfp264 [19] as well as the maternally
expressed genes Zim1 [15], Zim2 [20], and Zim3 [19].
Comparative mapping and imprinting studies of this domain
indicate that human orthologues of most of the mouse imprinted
genes are located in the syntenically homologous region of
human chromosome 19q13.4 [18,21,22] and that human PEG3
and ZIM2 are also imprinted [23]. Interestingly, the AK043056
transcript showed a perfect match with a continuous sequence
representing the 3′ end of intron 1, complete exon 2, and the 5′
end of intron 2 of the Usp29 gene (Fig. 4A, see enlargement).
No significant matches to other exons of the Usp29 gene were
found. The paternally expressed Usp29 gene is suggested to
encode a ubiquitin-specific protease [18]. As the NCBI map of
the region on proximal mouse chromosome 7 (NCBI build 33.1)
containing the Usp29 gene is not yet assembled, the Celera map
was used to determine the genomic organization of both Usp29
and AK043056. In contrast to the data published by Kim and
colleagues [18], the alignment of the Usp29 mRNA (GenBank
Accession No.NM_021323.1) with the Celera map revealed
nine exons distributed over an ∼230-kb region (Table 2). The
cSNP that was used to detect the imprinted status of AK043056
is located in intron 1 of the Usp29 gene. It can be hypothesized
that the AK043056 transcript was amplified by RT-PCR either
from heteronuclear Usp29 mRNA or from an independent non-
protein-coding RNA gene. The existence of a paternally
expressed transcript that is detected in the orthologous region
of AK043056 on human chromosome 19q13.4 and that is
independently transcribed from human USP29 argues for the
latter hypothesis [18,24].
The paternally expressed transcript AK039482 maps to the
imprinted cluster on distal mouse chromosome 7. This cluster
and the orthologous region on human chromosome 11p15.5
have been extensively studied. It harbors 12 maternally
expressed genes, H19, Ascl2, Cd81, Tssc4, Kcnq1, Cdkn1c,
Msuit1, Slc22a1l, Phlda2, Nap1l4, Tnfrsf23, and Osbpl5, and
the paternally expressed Kcnq1ot1 (Lit1), Ins2, and Igf2 genes
[25,26]. The AK039482 transcript is located 16.5 kb down-
stream of the Kcnq1ot1 (Lit1) gene in intron 10 of the Kcnq1
gene (Fig. 4B, GenBank Accession No. NR_001461). In the
latest GenBank entry, the transcript length of Kcnq1ot1 (Lit1) is
84 kb. However, a recent study suggests an extension of the
transcript length in close proximity to the region containing
AK039482 [27]. These data together with the clustering of
overlapping expressed sequence tags (ESTs) throughout a 20-kb
region downstream of Kcnq1ot1 (Lit1) and the paternal
expression of AK039482 argue for the fact that AK039482
belongs to the transcription unit of Kcnq1ot1 (Lit1).
The maternally expressed transcript AK018142 resides in the
imprinted cluster on distal mouse chromosome 12. In this 1-Mb
cluster, the Dlk1 and Gtl2 genes form a pair of linked
reciprocally imprinted genes [28–30]. Dlk1 is expressed only
from the paternal allele and encodes a transmembrane signaling
molecule related to Delta/Notch. Gtl2 is expressed exclusively
Fig. 4. Genomic organization of the imprinted gene regions (A) on proximal mouse chromosome 7 containing the AK043056 transcript (5′ region of the paternal allele
with Peg3, Usp29, and the AK043056 transcript enlarged on the bottom), (B) on distal mouse chromosome 7 containing the AK039482 transcript, (C) on distal mouse
chromosome 12 containing the AK018142 transcript, and (D) on proximal mouse chromosome 17 containing the AK039514 transcript. Arrows indicate the
transcriptional direction of each gene. Active alleles of the four newly identified imprinted transcripts are shown as black boxes. Gray boxes denote active alleles of
other already known genes. White boxes indicate silenced alleles. mat, maternal chromosome; pat, paternal chromosome.
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Table 2
Positions and sizes of exons and introns of mouse Usp29
Exon Position Length (bp) Intron Length (bp)
1 1–720 720 1 6,111
2 721–790 70 2 1158
3 791–943 153 3 169,853
4 944–1035 92 4 19,802
5 1036–1105 70 5 777
6 1106–1189 84 6 19,554
7 1190–1265 76 7 7711
8 1266–1452 187 8 944
9 1453–7550 6098
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protein-coding RNA. Due to the structural homology between
this gene pair and the Igf2–H19 gene pair, a similar coregulation
of either gene pair is discussed. This imprinted domain further
contains the paternally expressed Dio3 and Rtl1 genes [31–33]
as well as the maternally expressed Rian, Anti-Rtl1, Mirg, and
C/D snoRNA-producing genes [31,34–36]. The AK018142
transcript is located 340 bp downstream of Gtl2 (Fig. 4C,
GenBank Accession No. NM_144513.2). The fact that over-
lapping ESTs are clustered throughout a 10-kb region
downstream of Gtl2 and that this gene displays the same
imprinting status suggests that AK018142 belongs to the
transcription unit of Gtl2.
The paternally expressed transcript AK039514 on proximal
mouse chromosome 17 belongs to the transcription unit of the
Air gene (GenBank Accession No. AJ249895), a paternally
expressed non-protein-coding RNA that overlaps the promoter
of the Igf2r gene in antisense orientation (Fig. 4D). Air serves as
a bidirectional silencer for an ∼400-kb imprinting region
containing three maternally expressed genes, Igf2r, Slc22a2,
and Slc22a3, on proximal mouse chromosome 17 [37,38].
QUASEP is a highly accurate method for imprinting and
allelic expression analysis
Our data show that QUASEP is an appropriate method for
imprinting and gene expression analysis at the allelic level,
enabling discrimination of subtle differences in allele-specific
transcript ratios. The accuracy of the method is demonstrated by
the relatively low level of variation observed within replicated
genomic DNA and cDNA samples with an average standard
deviation of 3.7. In this context, QUASEP offers significant
advantages over other previously described methods to measure
allele-specific transcript ratios. Thus, QUASEP is especially
appropriate for the identification of weakly imprinted genes or
genes with relaxation of imprinting in adult tissues (e.g.,
AK039482 in adult tissues, Table 1). The strong demand for
highly quantitative methods for analyzing gene expression at
the allelic level is documented by several recent surveys of
allelic imbalance of human and mouse gene expression [39–
42]. The study of Lo et al. [41], whose method could not
discriminate expression levels with lower than twofold
differences, demonstrated that skewed allelic expression is
much more common than previously expected (more than 50%of the genes tested) and does not only involve imprinted genes.
As skewed allelic expression might play important physiolog-
ical and pathophysiological roles, QUASEP may represent a
favorable technology for the detection of small differences in
allele-specific transcript ratios.
A high portion (93%) of candidate imprinted genes proved to
be nonimprinted
Only a small fraction (7%) of the analyzed candidate
imprinted transcripts proved to exhibit imprinted expression.
This fraction is markedly lower than the fraction of proved
imprinted genes (32%) obtained in a similar study, which
described the imprinting analysis of 25 candidate genes from
the same database [9,11]. This large difference can be explained
by the fact that the study of Mizuno et al. [9] focused on
candidate genes showing “highly differential” expression
(determined by using the cutoff values for known imprinted
genes present on the microarray) between parthenogenetic and
androgenetic embryos regardless of their chromosomal local-
ization [9]. Our results strengthen the view that a large fraction
of nonimprinted genes is differentially expressed between
parthenogenetic and androgenetic embryos. In this context, it
has to be considered that the vast phenotypic differences
between parthenogenetic and androgenetic embryos per se may
be a source of these false-positive nonimprinted genes [43].
Consequently, Mizuno et al. [9] already suggested that there
may be wide differences between the global gene regulatory
networks of normal biparental and uniparental embryos that
lead to the aberrant up- or downregulation of nonimprinted
genes. As a matter of course, imprinted genes could be integral
parts of these global gene regulatory networks and, thus, induce
the transcription of nonimprinted genes. However, it is also still
possible that some of the tested candidate genes proved to be
nonimprinted exhibit tissue-specific imprinting—a possibility
that was not a subject of our study. In addition, we may have
missed a small portion of imprinted genes by analyzing
imprinted expression in E11.5 embryos, but not in E9.5
embryos, the embryonic stage used in the microarray analysis,
though one would expect only few, if any, imprinted genes that
lose imprinting between day 9.5 and day 11.5 of mouse
development.
Strain-dependent allele-specific transcript biases are caused by
cis-acting regulatory variants
In our study, four genes with strain-dependent allele-specific
transcript biases were identified. We assume that these strain-
dependent allelic expression differences are due to cis-acting
regulatory factors (such as DNA polymorphisms and methyl-
ation) in the flanking DNA sequence of the described genes.
Recently, Cowles and colleagues studied allele-specific tran-
script biases in 69 genes across four inbred mouse strains and
found four genes exhibiting strain-dependent and not parent-
of-origin-dependent allelic differences in expression with a
level of 1.5-fold or greater. Sequencing of the promoter
regions of the four genes revealed several candidate regulatory
517N. Ruf et al. / Genomics 87 (2006) 509–519polymorphisms between the analyzed strains [40]. Similar
experiments should allow for the identification of candidate
regulatory polymorphisms leading to the strain-dependent
allele-specific transcript bias of the four genes described in
this study. Interestingly, such regulatory variants are hypothe-
sized to contribute substantially to phenotypic diversity and
disease pathogenesis [44].
Concluding remarks
Our QUASEP-based systematic imprinting analysis of the
EICO transcripts that reside in or adjacent to regions previously
suggested to be subject to imprinting yielded 3 novel imprinted
transcripts encoding putative non-protein-coding RNAs. In
addition, 4 transcripts with a strain-dependent allele-specific
bias among homologous transcripts were observed. A total of
47 genes did not show any parent-of-offspring effect. This large
fraction of invalid candidate genes questions whether expres-
sion profiling of uniparental embryos is an efficient tool for the
identification of novel imprinted genes. Our data suggest that
only the degree of differential expression and not the
localization of a candidate gene in a known imprinted region
is a reliable predictor for an actually imprinted gene. This
finding is commensurate with an earlier report about rare
validation of candidate imprinted genes as obtained by high-
throughput screening with cDNA microarrays [9]. Since the 3
newly identified imprinted transcripts described here probably
belong to the transcription units of already known imprinted
genes, it is very likely that the vast majority of imprinted genes
in the mouse genome has already been identified. Our data have
major implications for current and future microarray studies
aimed at the identification of novel imprinted genes in
uniparental embryos of the mouse and other model systems.Materials and methods
Mice
C57BL/6 and Cast/Ei mice were purchased from Charles River Laboratories
(Wilmington, MA, USA). These two strains and the F1 and backcross progeny
were used as the sources of total RNAs and genomic DNAs. Natural matings
were used to generate timed embryos with the day after the conception
considered as day 0.5. Note that for F1 hybrid and BC1 progeny the maternal
parent is designated first.
Candidate genes
Candidate imprinted genes mapping to known mouse imprinted regions
were selected from the EICO database [12] (http://fantom2.gsc.riken.jp/
EICODB/). The genomic organization of the candidate genes was determined
by BLAT searches against the mouse genome (http://genome.ucsc.edu/cgi-bin/
hgBlat?command=start). As the NCBI map of proximal mouse chromosome 7
was not yet assembled, the Celera map (https://myscience.appliedbiosystems.
com/index.jsp?status=1) was used to elucidate the genomic structure of the
candidate genes located in this region.
DNA isolation and SNP discovery
Genomic DNAwas prepared according to a standard salting out procedure.
To identify cSNPs, 6 ng of genomic DNA of F1 hybrid mice was subjected toPCR amplification in a 25-μl volume. The PCR mix contained 0.5 μM each
primer, 0.12 μM each dNTP, 0.5 U Taq polymerase, 1× PCR buffer, and various
amounts of MgCl2. The primer sequences were designed by the Primer3
software (sequences and PCR conditions are available on request). The PCR
products were sequenced directly using an ABI 3730 DNA analyzer and the
BigDye Terminator v1.1 Cycle Sequencing Kit (Applied Biosystems, Foster
City, CA, USA). The sequences were basecalled by the ABI Sequencing
Analysis 5.1.1 program and assembled by the SeqMan II program (DNAStar,
Inc., Madison, WI, USA).
RNA isolation and cDNA preparation
Total RNAs of embryos and adult tissues were prepared using Trizol
Reagent (Invitrogen, Karlsruhe, Germany). To avoid contamination with
genomic DNA, all isolated RNAs were treated twice with the DNA-free kit
(Ambion Ltd., Huntington, UK). Afterward, cDNAwas synthesized from 3 μg
of total RNA by use of an oligo(dT)18 primer and the RevertAid First Strand
cDNA Synthesis Kit (Fermentas GmbH, St. Leon-Rot, Germany). Each sample
with and without reverse transcriptase was used to exclude contamination with
genomic DNA.
Allelic expression analysis
The cDNA samples were subjected to PCR amplification in a volume of
25 μl by using one biotinylated primer per pair. The PCR mix contained 0.5 μM
each primer, 0.12 μM each dNTP, 0.5 U Taq polymerase, 1× PCR buffer, various
amounts of MgCl2, and a minimum of 10 ng cDNA template. The primer
sequences were designed by the Pyrosequencing Assay Design Software 1.0
(Biotage AB, Uppsala, Sweden; sequences and PCR conditions are available on
request). Allelic expression was examined using QUASEP described by Rutsch
and colleagues [13], a highly accurate method to detect allele-specific
expression differences. Based on the Pyrosequencing technology, QUASEP
can quantify allele-specific expression by analyzing heterozygous coding SNPs
in transcripts of F1 hybrid mice. QUASEP was performed on a PSQ HS96A
instrument using enzymes and substrates from the PSQ HS96A SNP reagent kit
(Biotage AB) and special sequencing primers (sequences are available on
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